Binding of bacteriophage T5 to its receptor, the Escherichia coli FhuA protein, is mediated by tail protein pb5. In this article we confirm that pb5 is encoded by the T5 oad gene and describe the isolation, expression, and sequencing of this gene. In order to locate oad precisely, we analyzed recombinants between BF23, a T5-related phage with a different host range, and plasmid clones containing segments of the T5 chromosome. This analysis also showed that oad has little or no homology with hrs, the analogous BF23 gene. We were able to overproduce a protein that comigrates with pb5 after fusing a 2-kb segment containing oad to a phage T7 
The adsorption of bacteriophage T5 to the surface of Escherichia coli F (35) is characterized by two specific steps: (i) reversible binding to the polymannose 0 antigen (17, 18) and (ii) itreversible binding to the FhuA receptor protein involved in ferrichrome-iron transport (3, 26) . Binding to the O antigen is mediated by the L-shaped tail fibers and accelerates adsorption by a factor of 15 (17) . Binding to FhuA is mediated by the minor tail protein pb5 (16, 22) . Because of the high levels of activation energy involved in binding of T5 to its receptor, it has been proposed that covalent bonds are formed between the receptor-binding protein of T5 and FhuA (64) . However, recently we have shown that covalent bonds are formed between three copies of tail protein pb4 rather than between pbS and FhuA (12) .
pbS has been suggested to be encoded by the oad gene (19) . The suggestion was based on the observation that a mutation in this gene rendered T5 infection 0 antigen dependent (oad), which was interpreted in terms of an altered interaction between pb5 and FhuA (19) .
Mapping of the oad gene placed it to the right end of late T5 DNA (19) , which is where analyses of DNAs from T5-BF23 hybrid phages placed the gene determining host receptor specificity (16) . Bacteriophage BF23 is a close relative of T5 but uses as a receptor the BttiB protein, which is involved in vitamin B12 transport (10, 27, 39) .
In this communication we describe cloning, sequencing, and expression of the gene determining T5 host receptor specificity. The results prove that this gene is identical with the oad gene, confirming our previous mapping data (16, 19) . The oad gene product and pb5 have identical molecular weights, which is further support for their identities. Surprisingly, our data show that the BF23 counterpart of the T5 oad gene shares no homology with oad.
* Corresponding author.
MATERIALS AND METHODS
Bacteria, phages, and culture conditions. Bacteria and phages are listed in Table 1 . Bacteria were routinely grown in tryptone yeast extract (TY) medium as previously described (17) . For phage propagation, nutrient broth (NB) medium supplemented with 1 mM CaCl2 was used (65). For plating of phage in top agar, tryptone medium (TB) supplemented with 1 mM CaCl2 was used. TB medium consisted of 10 g of tryptone and 5 g of NaCl per liter. M3 and M9 media were prepared as previously described by Miller (44) . Methionine assay medium was prepared according to the instructions of the manufacturer (Difco). Agar plates contained 15 g and top agar contained 7 g of agar per liter. Antibiotics were used in the following final concentrations (in micrograms per milliliter): ampicillin, 50 to 200; chloramphenicol, 30; and kanamycin, 50 .
Phage lysates were prepared as previously described (17) .
Marker rescue experiments. Bacteria, carrying different plasmids, were grown to mid-log phase in TY medium. Culture (0.2 ml) was added to 4 ml of TB top agar and spread onto TB agar plates. A phage suspension (10 'I) was spotted onto the agar and allowed to dry. After incubation overnight at 37°C, the spot, showing confluent lysis, was scraped off the plate and suspended in 1 ml of phosphate-buffered saline plus 1 drop of CHCl3. After incubation for 15 min at room temperature, the suspension was cleared by centrifugation. Phage in the supernatant was plated onto appropriate host bacteria.
DNA isolation. Small amounts of plasmid DNA were prepared according to the method of either Birnboim and Doly (2) or Wilimzig (62) . For preparative isolation of plasmid DNA, the method previously described by Maniatis et al. (37) was followed.
Phage DNA was isolated from polyethylene glycol-precipitated and CsCl-purified phage (65). After dialysis against TE buffer (1 mM EDTA, 10 (9) or that of Golub (15) was applied. Treatment of DNA with exonuclease III and filling in of sticky ends were done according to the method of Henikoff (24) . Digestion of single-stranded DNA with mung bean nuclease (Pharmacia) was done as described by the manufacturer. Other techniques were previously described by Maniatis et al. (37) .
Restriction fragments were separated on 0.5 to 2% agarose gels in either Tris acetate or Tris borate buffer (37) . For separation of fragments larger than 10 kb, Loening buffer (13) Nucleotide sequence accession number. The sequence reported has been assigned GenBank accession number M37953.
RESULTS
The rationale for cloning the bacteriophage T5 gene determining host receptor specificity was to isolate recombinant plasmids capable of confering T5 host receptor specificity to BF23 phage. We refrained from the obvious approach of complementing the oad mutation for three reasons. (i) The plating efficiencies of T5oad on E. coli F and F/21-1 differ by ca. 3 orders of magnitude (19) , which may be not enough to detect recombinational marker rescue. (ii) Complementation of the oad mutation can only be tested in E. coli F, which synthesizes 0 antigen (19) . Transformation of plasmids into this E. coli strain is a problem (as will be shown below). (iii) At the time we started the cloning project, it was not exactly proven that the oad gene determined host receptor specificity. This is one of the results of this study. However, to avoid confusion, we used the designation oad right from the beginning for the gene determining host receptor specificity.
Restriction analysis of the SaiC fragment of T5 DNA. The analyses of T5-BF23 hybrid phages placed the T5 oad gene and the BF23 gene determining host receptor specificity (hrs) to the right end of late DNA; the most likely location in both phages was the region between the rightmost Hindlll site and the start of the right terminal repetition (rTR) (16) (Fig.  1) .
The rightmost Sail fragment (SalC) of 15 (47) . Identical fragments in both digests were considered to lie within the TR (data not shown). On the basis of these comparisons the restriction map of late DNA of the SalC fragment was established for AccI, BclI, BglII, ClaI, and HincIl ( Fig. 1) . No restriction sites were found for AvaI, EcoRV, and PvuII.
Restriction analysis of BF23 DNA. BF23+ DNA has been mapped for seven restriction enzymes (20, 34) . We mapped the cleavage sites for EcoRV, KpnI, SmaI, and SstI for the entire BF23 DNA (Fig. 2) . Because of the low number of cleavage sites for these enzymes, this was simply done by double digests (data not shown). In addition, we mapped the cleavage sites for AvaI and PvuII with respect to the region comprising ca. 13% of the right terminal DNA (Fig. 2 ). For AvaI this was done in a manner similar to the mapping of sites within the T5 SalC fragment. In particular, we compared the BF23 BamHI fragments Bam4 (contains rTR) and BamS (contains lTR) and in addition, the Hindlll fragment Hin4 (contains rTR) (20) . The PvuII site was mapped by comparing a PvuII digest with a PvuII-SmaI double digest; a 10.3-kbp fragment from the single digest disappeared, and instead a 9.0-and a 1.3-kbp fragment appeared in the double digest. In addition no PvuII site was mapped within Bam4 and Hin4 corresponding to a distance of 1.3 kbp from the SmaI site (Fig. 2) .
Cloning of late T5 DNA from the SaiC fragment. The entire late DNA present on the T5 SalC fragment was cloned onto two different plasmids. pVK42 is a pT7-5 derivative containing the 3.3-kbp SalI-SstI fragment (Fig. 3) .
pVK3 is a pLG339 derivative carrying the 3.5-kbp HindIII-BclI fragment (Fig. 1) . A restriction map is shown in Fig. 3 (Fig. 3) .
pVK8 is a pLG339 derivative carrying the 2.7-kbp HindIII-PvuII fragment of pVK3BIO (Fig. 3) .
pLIL5 is a pVK3BIO derivative with the deletion of a 0.5-kbp BglII fragment (Fig. 3) .
Evidence for presence on recombinant plasmids of the T5 oadgene. Since T5 and BF23 are known to readily recombine with each other and to undergo phenotypic mixing (16, 39) , we anticipated that complementation or recombination or both between BF23 and pVK3 should be possible. BF23 was grown oir E. coli CR63 carrying either of the recombinant plasmids or pLG339 for control. Progeny phage was harvested, and dilutions of the lysates were spotted onto E. coli CR63/23. Phages able to infect E. coli CR63/23 were found in the lysates obtained from cells carrying pVK3, pVK3BIO, and pVK8 (Fig. 3) . The T5 host receptor specificities of the phages were proved by their inabilities to infect E. coli CR63/23/5. Recombination as well as complementation could be demonstrated with pVK3 and pVK3BIO. When spotted onto E. coli CR63/23, turbid lysis was observed over the entire spot at high phage titers, with several clear plaques in between. At 1/10 the high titers, the number of clear plaques was reduced accordingly, while no lysis or turbid plaques were observed. This indicated that the majority of phage was capable of only one round of infection, whereas a minority had stably inherited T5 host receptor specificity (Fig. 3) . The fact that complementation occurred proved that pVK3 and pVK3BIO carried the entire oad gene.
An interesting result was obtained with pVK8 ( Fig. 3) . In a lysate of BF23 phage, grown on cells carrying this plasmid, ca. one-half of the phage was able to infect E. coli CR63/23. However, growth on this E. coli strain was only possible when pVK8 was present (which further proved complementation by an intact oad gene). In the absence of pVK8 only killing of cells was observed, indicating that the phage responsible for killing was phenotypically T5 but genotypically BF23. In fact, we were unable to isolate genotypical T5 phage from an infection with BF23 of cells bearing pVK8. Obviously, pVK8 carries the entire intact oad gene but does not undergo recombination with BF23. Plasmids pVK42, pLIL5, and pLG339 were not able to confer T5 host receptor specificity to BF23 by either complementation or recombination (Fig. 3) .
The region of T5 DNA carrying the oad gene, therefore, was confined to a 2.0-kbp DNA fragment, defined by the HindIll site and the site of the IS insertion in pVK3BIO.
Analyses of recombinant BF23 phage with T5 host receptor specificity. Recombination between BF23 and a plasmid carrying the oad gene may give some clues about whether the entire oad gene or only parts of it are needed to change the host receptor specificity of BF23 phage. We analyzed the DNAs of nine FhuA-specific phages obtained from a lysate of BF23 phage grown on CR63(pVK3BIO). This was done by comparing the restriction patterns of their DNAs with the pattern of DNA from BF23+. The DNAs of all nine phages identified them as phages of BF23 origin.
Hybrid phages BF/T5-1, -2, -3, -6, -7, -8, and -9 showed identical restriction patterns, with respect to AvaI, BamHI, KpnI, PvuII, and SstI. We, therefore, analyzed only BF/ T5-4, -5, and -6 in more detail. The regions around 90% genome length were altered with respect to BF23+ DNA. The SmaI, AvaI, BamHI, and KpnI sites were no longer present. Instead, the SstI site, typical for T5 DNA of this region, was found. In addition, phages BF/T5-4 and -5 showed the PvuII site present in the IS insertion element of pVK3BIO (Fig. 5) . In all three cases, at least two crossovers, with respect to the BF23 DNA, must have taken place between the HindIll and the SmaI site on one side and between the KpnI and the AvaI site on the other side. This was also supported by hybridization data (Fig. 4) ; pVK3 hybridized with BF23 Aval fragments of 2.5 and 6.3 kbp. In addition, a very faint hybridization was seen only on the original autoradiography with a fragment larger than 12 kbp. On the other hand, when the oad internal 1.4-kbp HincIISspI fragment from pVK3 was used as a probe, no hybridization was observed with BF23 DNA (Fig. 6) . The restriction data for the three phages and the fact that BF23 did not undergo recombination with pVK8 are not compatible with the assumption of just two crossovers between BF23 and pVK3BIO.
Complementation of the oad mutation by pVK3BIO. The data have so far demonstrated that pVK3 and some of its derivatives carried the gene determining T5 host receptor specificity. However, it has not been proved that this gene was in fact identical with the oad gene, which had been implicated in adsorption of T5 to its receptor protein (19 competence for DNA uptake; and (iii) E. coli F tolerates pVK3 even less than E. coli K-12. The problems could finally be circumvented as follows. pVK3BIO instead of pVK3 was first transformed into the rough strain E. coli F/21-1. pVK3BIO, isolated from E. coli F/21-1, was then successfully transformed into E. coli F.
T5oad grown on E. coli F(pVK3BIO) plated considerably better on F/21-1 than T5oad grown on E. coli F ( Table 2) . This proved that the gene determining T5 host receptor specificity is identical to the oad gene.
Expression of the oad gene. Expression from pVK3 of the oad gene in minicells could not be detected. We, therefore, applied the T7 promoter expression system (58) . Cloning of the entire insert from pVK3 into pT7-4 was not possible because of the high copy number of pT7-4. Instead, we cloned into pT7-4 the HindIII-PvuII fragment from pVK3BIO. This fragment is identical with the one in pVK8, which we have shown to carry the entire oad gene. The resulting plasmid, pVK87, was transformed into E. coli BL21(DE3)pLys, in which T7 RNA polymerase was induced by the addition of IPTG. After inhibition of host RNA synthesis by rifampin, gene products downstream of the 4i10 promoter of pT7-4 were labeled with [35S]methionine. Analysis of total cellular protein by SDS-PAGE and autoradiography (Fig. 7) showed that several proteins which were labeled in cells harboring pVK87 were not labeled in cells harboring pT7-4, exceeding by far the coding capacity of pVK87. A similar labeling pattern had been observed when expression of the cloned Itfgene had been studied (21) . Most of the proteins probably represent degradation products of the largest protein. This protein, which could be detected in whole cell lysates by Coomassie blue staining, comigrated with pbS of T5 tails (Fig. 7) .
DNA sequence of oad. The nucleotide sequence of a 2,272-bp fragment of pVK3 carrying the oad gene was determined by cloning smaller restriction fragments into the mpl8 and mpl9 derivatives of phage M13 (43, 49) . The sequencing strategy is shown in Fig. 8 . The sequences of both strands were determined, except for a region of 30 residues (residues 565 to 594), which was determined only for one strand. Cloning of fragments which contained the 123-bp AluI fragment (nucleotides 1974 to 2096) was not possible. However, cloning of a 1.8-kb XbaI fragment from pVK3BIO, which contains an IS] insertion in this region, was possible, but only in one orientation. Sequencing of the 123-bp AluI fragment then was realized by reading from the XbaI site into the IS] element and by reading out of the IS] element with the aid of an ISI-specific primer. An overlap of both sequences is given by the property of IS] to cause at-the point of insertion a 9-bp duplication of host DNA (6) .
The nucleotide sequence and its translation are presented in Fig. 9 . The sequenced DNA shows a G+C content of 38.3%. This is consistent with the 39% determined for the entire T5 DNA (63) and is considerably lower than the 50% G+C content of E. coli DNA (38) . There is only one open reading frame large enough to encode a protein of 67 kDa. The direction of transcription is from the IS] insertion towards the HindIII site (Fig. 8 ). This agrees with the direction of transcription within this region of DNA (5, 59). The first ATG codon (at nucleotide 276 in Fig. 7 ) is preceded by a Shine-Dalgarno sequence (51) and shows further char- acteristics of a translation initiation site (53 (48) .
Codon usage probably reflects the high A+T content of T5 DNA. On the whole, 74% of the 640 codons of the oad gene end with A or T residues, with the highest preference (46.1%) for codons ending with T residues. The same has been observed with two other T5 genes, the D15 gene encoding 5' exonuclease (28) and the D7-8-9 gene encoding DNA polymerase (36) ; codons ending with T residues occur with a frequency of 43.6 and 44.9%, respectively.
A search of the National Biomedical Research Foundation protein data base by using FASTA (46) did not reveal any significant similarities to other proteins. DISCUSSION Late genes of bacteriophage T5 occupy ca. 23% of the genome and are located near the right end of the linear chromosome, in front of the rTR. Most of these genes encode structural proteins and appear to be clustered within two regions. The left region contains genes encoding tail proteins and the right region contains genes encoding head protein (41) . The oad gene, encoding the host receptor binding protein, makes an exception, since it is located to the right of genes N4, N5, and D20-21, encoding head proteins (16, 19, 23, 65) . The data presented here, however, prove that the previously anticipated location and function of the oad gene were correct, since the DNA cloned from this region of the T5 chromosome carried the oad gene, determining host receptor specificity. This was shown by several lines of evidence. (i) Restriction and Southern hybridization analyses proved that the correct fragment had been cloned into pVK3 (Fig. 3 and 4) . (ii) pVK3 and some of its derivatives were able to change the host receptor specificity of BF23 either by complementation or by recombination; in the latter case the same chromosomal region of BF23 was altered ( Fig. 3 and 5 ). (iii) pVK3BIO, an IS] insertion derivative of pVK3, rescued the oad mutation (Table 2) Nucleotide sequence of the oad region. The sequence is shown in the direction of the oad reading frame, which is from right to left (Fig. 8) . The deduced amino acid sequences for both the oad frame and the probable sciB fragment are written below the sequence of the noncoding DNA strand. The Shine-Dalgarno sequences for both frames are overlined.
which supported the previous assumption (19) that the oad plasmid but that the T5 host specificities of ca. 50% of the mutation was within the gene encoding the receptor-binding progeny phages had been the result of phenotypic compleprotein.
mentation. The absence of recombination suggested absence The analyses of host specificities of progeny phages of of homology between the T5 and BF23 oad genes. This BF23, grown on pVK8-bearing E. coli CR63, indicated that hypothesis was substantiated by the following experino recombination had taken place between the phage and the ments. T5 phages, obtained by recombination of BF23 with pVK3BIO, indicated that in every case tested the entire T5 oad gene had replaced the corresponding BF23 hrs gene (Fig. 5). (ii) Southern hybridization, with a 1.4-kbp internal restriction fragment of the T5 oad gene as a probe, did not give any signal with BF23 DNA (Fig. 6 ). However, under the same stringency conditions but with a probe containing sequences outside of oad, BF23 DNA readily gave a signal (Fig. 4) .
This result is very surprising, considering the phenotypic complementation of the BF23 host specificity by the cloned T5 oad gene. PbS, the protein encoded by the oad gene, must be able to functionally replace the corresponding BF23 protein within the tail. Thus, pbS must be functional in all protein-protein interactions. This could mean that only a few small regions of pbS are involved in protein-protein interactions, whereas the major part of pbS is used for receptor binding. For those few small regions of pbS, conservative amino acid exchanges in the protein in addition to different codon usage within the corresponding gene regions may explain lack of homology between oad and hrs. However, a final answer can only be obtained by sequencing the BF23 hrs gene.
The latter also holds true for the rather unusual results concerning the DNA analyses of recombinant phages (Fig.  5) (41) the open reading frame could be the sciB gene, whose product together with the gene product of sciA determines the singlestrand interruptions in T5 DNA. sciB and oad are separated by just 10 nucleotides; the Shine-Dalgarno sequence (51) of the sciB gene overlaps the stop codon of the oad gene by one nucleotide (Fig. 9) .
The third open reading frame, which may possibly encode a protein, is transcribed divergently to the oad gene. The ATGs of both genes are separated by 79 nucleotides. The open reading frame extends beyond the AluI site at position 1 (Fig. 9) . Translation of the open reading frame revealed that it most likely codes for a lipoprotein, since the N-terminal part of the deduced amino acid sequence shows similarity to signal sequences and to cleavage and acylation sites, characteristic for lipoproteins (60) .
The cloned oad gene codes for a polypeptide with a calculated molecular weight of 68,760. It comigrates with pb5 ( Fig. 7) which has an apparent Mr of 67,000, as determined by SDS-PAGE (16) . This supports the previous assumption that pb5 is the receptor-binding protein of T5 (22) .
A search of the NBRF protein data bank did not reveal any significant similarities to other proteins, including receptor-binding proteins of other phages and colicin M (29) , which also binds to the FhuA receptor protein. Furthermore, Southern hybridizations with DNAs from the FhuA-specific phages 4)80 and Ti, using pVK3 as a probe, did not give signals even under low-stringency conditions (data not shown).
Expression of the cloned oad gene was rather weak. This is probably due to ineffective translation of the oad mRNA. The Shine-Dalgarno sequence lies only 5 nucleotides upstream of the first ATG of the oad gene, which may be too short a distance to allow effective translation (14) . Furthermore, codon usage of the oad gene differs considerably from that of E. coli (30) . For some codons (ATA, AGA, and CTA) frequently used in the oad gene, there exist only very few tRNAs per cell in E. coli (25) . This may also lead to ineffective translation.
A search for promoter structures, by using the algorithm of Mulligan et al. (45) , on both strands of the sequenced fragment revealed 15 (42) . It is located within the oad gene and shows only little homology (43.3%) with the E. coli u70 promoter (45) . It has been identified by Si nuclease mapping (42) . However, the large number of fragments, protected from Si in this assay, makes it questionable whether the transcriptional start site has been correctly determined.
T5 uses the E. coli polymerase in conjunction with the c70 factor for all different classes of transcription; pre-early, early, and late (41) . This complex becomes successively modified during pre-early phase by gene products A3 (56) and Al (40) to allow transcription of early genes and during early phase by gene product C2 and a 15K protein (57) to allow transcription of late genes. Transcription of late genes, in addition, requires the activity of host DNA gyrase (8) and T5 gene products D5 and D15 (41) .
We find promoter structures upstream of the three possible genes, oad, llp, and sciB, encoded by the sequenced DNA fragment. The promoters are PD1D PD2. and PD3.
respectively. While PD3 may show accidental homology to E. coli promoters, the position of PD1 and PD2 between genes oad and llp argues for true promoters for T5 transcription. Both promoters overlap each other. However, the sites of mRNA initiation do not overlap; the sites are separated by 9 nucleotides. The -10 regions of both promoters thus form a perfect palindrome of 15 nucleotides (Fig. 10) . According to the analyses of Stuber et al. (54) , only PD2 and not PD1 seems to be transcribed by purified E. coli polymerase. PD2. being probably identical with P37 (54), would be the only promoter within the region of late transcription to be transcribed from left to right (59) . Whether the arrangement of PD1 and PD2 relative to each other reflects some regulatory function remains to be elucidated. Preliminary analyses of transcripts show that both promoters are active during T5 infection (unpublished data).
However, how transcription is regulated during T5 development remains a puzzle. Although the E. coli polymerase is successively modified, it obviously does not change its sequence specificity. It may be that DNA binding proteins, modification of the template, and/or posttranscriptional regulation are involved in the sequential expression of T5 proteins.
